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Microglia-Derived Nerve Growth Factor
Causes Cell Death in the Developing Retina
have more cholinergic neurons in the basal forebrain
compared with wild-type animals (van der Zee et al.,
1996; Yeo et al., 1997). While these results do not dem-
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Max-Planck Institute of Neurobiology
Department of Neurobiochemistry
Am Klopferspitz 18a onstrate that the postnatal elimination of these p75NTR-
positive, TrkA-negative cholinergic neurons is caused82152 Planegg-Martinsried
Federal Republic of Germany by the interaction of NGF with p75NTR, this possibility is
suggested by the observation that these neurons survive
following injections of wild-type animals with a short
cyclic peptide derived from the NGF sequence (van derSummary
Zee et al., 1996). This peptide, which we also use in our
study (see below), corresponds to an NGF loop pre-While nerve growth factor (NGF) is best known for its
viously shown to carry the residues critically involvedtrophic functions, recent experiments indicate that it
in the interaction between NGF and p75NTR (McDonaldcan also cause cell death during development by acti-
et al., 1991; IbanÄ ez et al., 1992).vating the neurotrophin receptor p75. We now identify
The work presented here addresses the question ofmicroglial cells as the source of NGF as a killing agent
the cellular localization of NGF as a death effector inin the developing eye. When the retina is separated
the developing chick retina. We focused on early devel-from the surrounding tissue before colonization by
opmental stages, when the cellular complexity is stillmicroglial cells, no NGF can be detected, and cell
minimal. We also used the possibility offered by aviandeath is dramatically reduced. It is restored by the
embryos to performprecisely timed organ cultureexper-addition of microglial cells, an effect that is blocked
iments, as we realized during the course of this workby NGF antibodies. NGF adsorbed at the surface of
that NGF is imported into the retina by migratory cells.beads, but not soluble NGF, mimics the killing action
of microglial cells. These results indicate an active
role for macrophages in neuronal death.
Results
Introduction
Localization of NGF by Immunohistochemistry
We first attempted to localize NGF in the retina usingThe neurotrophin NGF has been known for decades
an antiserum raised against the denatured protein. Atas a molecule supporting the development of selective
embryonic day 4 (E4), the chick retina consists essen-neuronal populations (Cohen, 1960; Levi-Montalcini and
tially of a neuroepithelium with numerous dividing as wellBooker, 1960; Levi-Montalcini, 1987). The trophic ac-
as dying cells (Cuadros and Rios, 1988). A striking pat-tions of NGF, including the prevention of programmed
tern of immunoreactivity was observed, consisting mostlycell death, can be accounted for by its ability to activate
of isolated cells located both at the vitreal surface ofthe receptor tyrosine kinase TrkA. But recently, it has
the central neural retina and scattered within this tissuebecome clear that NGF can also kill neurons expressing
(Figure 1A). Both the shape and location of these cellsthe neurotrophin receptor p75 (p75NTR) and not TrkA.
were strongly reminiscent of cells previously describedLike the prevention of programmed cell death, the killing
in the quail retina and identified as microglial cells onaction of NGF is an integral part of normal development,
the basis of monoclonal antibody tagging (Cuadros etas the application of NGF-neutralizing antibodies re-
al., 1991). Such cells are typically found in areas whereduces normally occurring cell death in the avian retina
cell death is observed (Cuadros et al., 1991). Since no(Frade et al., 1996). Already during the fourth day of
molecular markers are available for chick microglialdevelopment in the chick, dying cells can be observed,
cells, we made useof a previously described histochem-particularly in the central retina, and it has been sug-
ical method that detects acidic phosphatase activitygested that this may serve the purpose of creating space
(Cuadros et al., 1992). It includes the use of an inhibitorto accommodate the incoming axons of the retinal gan-
(sodium tartrate) that abolishes the enzymatic activity inglion cells, converging toward the optic disk to form the
most cells, except macrophages (Cuadros et al., 1992).optic nerve (Cuadros and Rios, 1988; MartõÂn-Partido et
Double staining for NGF and acidic phosphatase re-al., 1988). Essentially all dying cells in the retina express
vealed that all cells positive for NGF also contained highp75NTR, and preventing the interaction of NGF with this
levels of the enzyme (Figures 1B and 1C), confirmingreceptor reduces programmed cell death (Frade et al.,
their identity as microglial cells. To demonstrate further1996). In vitro, NGF causes the death of rat oligodendro-
that these cells express NGF, we isolated them from thecytes (Casaccia-Bonnefil et al., 1996), and there is in
eye cavity by a simple centrifugation method, as theyvivo evidence that p75NTR is also involved in cell death
represent the only cellular phenotype present in the vit-in mice. Thus, overexpression of its cytoplasmic domain
reous body at E6 (see Experimental Procedures). Theseleads to considerable cell loss in many areas of the CNS,
cells were clearly immunoreactive for NGF (Figure 2) andsuggesting that mimicking ligand-induced clustering of
expressed the NGF gene, as demonstrated by reversethe effector domain of p75NTR causes cell death in a wide
transcription and amplification of RNA directly extractedvariety of developing neurons (Majdan et al., 1997). In
addition, mice carrying a deletion in the p75NTR gene from the centrifuged cells (Figure 2, insert).
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Figure 2. The NGF Gene Is Expressed in Purified Retinal Microglial
Cells
Purified macrophages from E6 vitreous bodies (see Experimental
Procedures) are immunoreactive for NGF, and RNA directly ex-
tracted from these cells after centrifugation reveals that they express
the NGF gene (1RT, insert). In absence of reverse transcriptase
(2RT), no detectable band can be observed. Scale bar, 20 mm.
macrophages must migrate to reach the retina (Figure
3). When compared with control optic cups, the retinae
from eyes cultured without mesenchyme did not contain
any detectable NGF mRNA (Figure 4A). As expected,
they did not contain any NGF-immunoreactive cells ei-
ther (data not shown). We then tested if the absence
of NGF in the mesenchyme-less cultures would also
correlate with reduced levels of cell death. Such was
indeed the case, and quantitation of soluble nucleo-
somes (reflecting DNA fragmentation) revealed 2.6-fold
less cell death in retinae cultured without mesenchyme
Figure 1. NGF Antibodies Label Microglial Cells in the Developing
Retina
(A) Low magnification showing NGF-immunoreactive cells within the
neuroepithelium (arrowheads) and on the vitreal surface of the E4
central chick retina (arrows). The shape and location indicate that
they are microglial cells (see text; see also Figure 15 in Cuadros et
al., 1991).
In (B), NGF immunoreactivity can be observed in the E4 chick retina
colocalizing with acidic phosphatase-positive cells (C). The product
of this enzymatic activity (which is highly expressed in cells of the
macrophage lineage) can be detected by a histochemical method
which yields a red product (see Experimental Procedures).
nr, neural retina; on, optic nerve exit; v, vitreous body. Scale bar,
80 mm (A); 20 mm (B and C).
No NGF Is Present, and Cell Death Is Decreased
in Retina Devoid of Microglial Cells
Previous experiments using chick-quail chimeras have
established that microglial cells are blood-borne, and
that they can be identified in the chick retina from Ham-
burger-Hamilton (HH) stage 19 onward (Cuadros et al.,
1991). This correlates with an increase in the number of
Figure 3. Scheme Illustrating a Chick Embryo (Stage HH18) and
pyknotic cells in the posterior pole of the chick retina the Eye Cup Dissected and Cultured with or without Surrounding
(MartõÂn-Partido et al., 1988). We took advantage of the Mesenchyme
fact that at stage HH18, the optic cup can be readily Note the location of the developing blood vessels (small arrow), the
separated from the underlying tissue, including the source of the microglial cells in the retina (modified from Huettner,
1964).retro-ocular mesenchyme through which blood-borne
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Figure 4. Eye Cups Cultured without Mesenchyme Have No Detect-
able NGF mRNA in the Neural Retina and Show Decreased Levels
of Cell Death
(A) NGF is detected by RT-PCR in the neural retina from HH18 chick
eyes cultured for 16 hr in presence of mesenchyme but not in its
absence.
Figure 5. The Addition of Purified E6 Macrophages to Eye Cup Ex-(B) When mesenchyme is left included, the levels of free nucleo-
plants Induces Cell Deathsomes are 2.6-fold of those observed in retinae from contralateral
eyes cultured without mesenchyme. Means are indicated 6 SEM; HH18 eyes cocultured for 16 hr in the presence of 200 microglial
asterisk, p , 0.01, Student's t test. cells isolated from E6 vitreous bodies showed a 4.1-fold increase
of cell death in the neural retinae compared with contralateral, mi-
croglia-free retinae. This effect could be blocked by adding NGF-
blocking antibodies (120 ng/ml) or the cyclic peptide dc28±36 (100
(Figure 4B). A marked decrease in the number of TUNEL-
mM), as described by van der Zee etal. (1996). Means are indicated 6
positive cells in the retinae confirmed these results (data SEM; asterisk, p , 0.001, Student's t test.
not shown).
Purified Retinal Macrophages Induce Cell The NGF-loaded beads were then deposited onto the
Death in Eye Explants vitreal surface of the retina, and this led to a marked
To demonstrate further that microglial cells can cause (3-fold) increase in cell death, compared with retinae
cell death and are the carriers of NGF in the developing from contralateral eye explants treated with beads
retina, we cultured HH18 mesenchyme-free eye cups coated with cytochrome c (Figure 6). We then tested if
with and without microglial cells isolated from E6 vitre- this effect was p75NTR-mediated by using the NGF pep-
ous bodies (see above). Two hundred cells were added tide at a final concentration of 100 mM. It completely
per explant, as this corresponds approximately to the prevented the cell death induced by NGF-coated beads
number of microglial cells that can be isolated from one (Figure 6).
vitreous body at E6. As shown in Figure 5, the addition
of these cells to the eye cup markedly (4.1-fold) in- Discussion
creased cell death. This effect clearly involved NGF, as
it was completely abolished by the addition of an NGF The main conclusions of this study are that during the
monoclonal antibody (Figure 5). We then tested if cell early phase of cell death in the chick retina, NGF is
death was receptor-mediated by using a cyclic peptide imported into the developing neuroepithelium by mi-
(dc28±36) previously shown to prevent p75NTR-depen- croglial cells, that NGF is a critical component in the
dent cell death of cholinergic neurons (van der Zee et neurotoxic action of these cells, and that their killing
al., 1996; see Introduction). Used at a final concentration action can be mimicked by bound but not by soluble
of 100 mM, the NGF peptide completely prevented the NGF.
death induced by microglial cells (Figure 5).
Microglial Cells and the Role of Phagocytes
in Programmed Cell DeathInduction of Cell Death by NGF
As our results indicated that microglia-derived NGF kills Blood-borne microglial cells have long been recognized
in the developing retina, both in rodents and avian em-cells in the developing chick retina, we then treated
HH18 mesenchyme-free eye explants with soluble NGF bryos (see in particular Hume et al., 1983; Cuadros et
al., 1991). Their close association with dying cells in theat a final concentration of 20 ng/ml. Curiously, but in
line with previous results in vivo (Frade et al., 1996, retinal epithelium has been documented already at E16
in the mouse (Hume et al., 1983) and at E4 in the chick1997), no increase in cell death was observed (Figure
6). Reasoning that endogenously produced NGF may embryo (Cuadros et al., 1991). Phagocytes have also
been described in the cervical spinal cord of the chick,remain bound to the surface of the microglial cells as a
result of its very basic and hydrophobic character, we engulfing dying motoneurons early in development (Ya-
ginuma et al., 1996). The death of these motoneuronsattempted to mimic this by adsorbing NGF to beads.
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Our results also indicate that microglial cells actively
participate in the elimination of cells in the developing
retina. This view is in line with previous observations
indicating that after section of the optic nerve in the
adult rat (which causes retrograde retinal ganglion cell
degeneration within a few days), the speed at which
these cells die can be modulated by short peptides
activating or inhibiting microglial cells. This suggests
that these phagocytes recognize unhealthy, although
viable, retinal ganglion cells and induce their death
(Thanos et al., 1993).
It appears very unlikely that activated microglial cells
alone decide which cells to eliminate, as cell death in
the developing avian retina does not appear to be ran-
dom but is part of a well-orchestrated morphogenetic
process (see Introduction). A chemotropic signal may be
generated by the cells later eliminated by the microglial
cells. It may not come from already dying cells, since
we show here that microglial cells are required for cell
death, but from cells losing contact with their neighbors
and/or with the extracellular matrix to create space for
the incomingaxons of the retinal ganglion cells (CuadrosFigure 6. Bead-Adsorbed, but not Soluble, NGF Induces Cell Death
and Rios, 1988; MartõÂn-Partido et al., 1988).in Cultured Retinae
Soluble NGF at a final concentration of 20 ng/ml had no effect on
the levels of cell death. With solid phase-adsorbed NGF, a 3.0-fold
Microglial Cells Are the Source of NGFincrease in cell death was observed after 16 hr of treatment, com-
pared with contralateral retinae treated with cytochrome c±adsorbed in the Developing Retina
glass beads. This effect was blocked by the administration of 100 Both the pattern of cells immunostained in E4 retinae
mM by the dc28±36 NGF peptide. Means are indicated 6 SEM; with NGF antibodies, closely corresponding to that pre-
asterisk, p , 0.05, Student's t test.
viously described for antibody-tagged quail microglial
cells (Cuadros et al., 1991), together with the double
between E4 and E5 is target-independent and has been staining with acidic phosphatase, an enzyme highly ex-
suggested to be determined by signals intrinsic to the pressed in phagocytes (Cuadros et al., 1992), suggest
neural tube (Yaginuma et al., 1996). that the NGF-positive cells are microglial cells. In line
During development, macrophages leave the blood with this, purification of macrophages from the vitreous
vessels at a time when degenerating neurons are ob- body indicates that these cells express the NGF gene.
served in the CNS, and they remove the debris resulting Finally, the isolation of the optic cup at the appropriate
from cell death. Many stay in the CNS after closure of developmental time, before cellular invasion by blood-
the blood±brain barrier and become quiescent micro- borne cells, results in neural retinae devoid of NGF.
glial cells that can be reactivated after a variety of neu- Taken together, these results suggest that at these early
ronal insults (Thomas, 1992; Davis et al., 1994; Moore developmental stages, NGF expression in the retina is
and Thanos, 1996; reviewed by Kreutzberg, 1996). Re- the result of its colonization by macrophages. This cellu-
cent results suggest that microglial cells may have more lar localization of NGF in the CNS early in development
than a mere phagocytic role, and they have been shown is very different from its later expression pattern, associ-
to kill cultured neurons through the secretion of poten- ated with the classical trophic functions of NGF, which
tially harmful molecules, including reactive oxygen spe- seems to be exclusively neuronal in the intact, adult
cies, glutamate, quinolinate, tromboxane A2, and tumor CNS.
necrosis factor (Piani et al., 1991; TheÂ ry et al., 1991; Our study is not the first to describe NGF in microglial
Giulian et al., 1993; Flavin et al., 1997). The view that cells, though previously this issue has been addressed
phagocytes have an active role in cell death and tissue in experiments with cultured cells (Mallat et al., 1989;
remodeling in vivo is supported by the results of elegant Elkabes et al., 1996; Heese et al., 1997). However, given
experiments in which the selective ablation of macro- the highly plastic and context-dependent gene expres-
phages ledto thepersistence of transient eye structures, sion pattern of microglial cells, it remained unclear if
including in particular the pupillary membrane (Lang and NGF is also expressed in these cells in vivo.
Bishop, 1993; Diez-Roux and Lang, 1997). Death of en-
dothelial cells forming thesestructures necessitates and
is caused by macrophages (Diez-Roux and Lang, 1997). NGF and Cell Death
In line with the view that NGF is an essential killing agentIn Caenorhabditis elegans, while the bulk of the literature
suggests a mere cleaning role for phagocytic cells, early in the developing chick retina in vivo (Frade et al., 1996)
and that its gene is expressed by microglial cells, de-observations indicated that in the gonadal lineage, the
elimination of linker cells necessitates the phagocytic creased levels of cell death were observed in optic cups
isolated from their surrounding tissue (see Figure 4). Cellaction of neighboring epidermal cells (Sulston et al.,
1980). death could be restored by the readdition of microglial
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cells, and it was NGF-dependent, as shown by the neu- might be well worth pursuing. Twin studies have shown
that anti-inflammatory drugs delay the onset or progres-tralizing action of NGF antibodies.
In order to confirm that microglial-derived NGF acts sion of Alzheimer's disease (Breitner et al., 1994), in
which microglial cells may be a target of the amyloidthrough p75NTR, we used a cyclic peptide corresponding
to the major loop of NGF interacting with this receptor precursor protein (Barger and Harmon, 1997).
(IbanÄ ez et al., 1992), previously tested in mice for its
Experimental Proceduresdeath-inhibiting action (van der Zee et al., 1996; see
Introduction). As the NGF peptide entirely blocked the
Embryosinduction of cell death by solid phase-bound NGF and
Fertilized eggs from White-Leghorn hens were incubated at 38.58C
by microglial cells, p75NTR is likely to mediate the death in 70% humidity atmosphere and were staged according to the
effects of microglial-derived NGF. Hitherto, no NGF re- criteria of Hamburger and Hamilton (1951).
ceptor other than p75NTR has been detected in the avian
Antibodiesretina at these early developmental stages (Frade et al.,
A rabbit polyclonal antiserum against NGF was used (gift from R.1996).
Meier). NGF (mouse 2.5S, purified according to Suda et al., 1978)In our in vitro model, soluble NGF was not able to
was electrophoresed on SDS gel, the band corresponding to mature
induce apoptosis per se, as was also the case in previ- NGF excised, the protein reduced and alkylated with 2-nitro-5-thio-
ous in vivo experiments (Frade et al., 1996, 1997). Since cyanonbenzoate and injected into rabbits with Freund's adjuvant.
the distribution of NGF in vivo may be locally limited to The antiserum thus obtained reacted with NGF on Western blots as
well as with NGF precursors in male mouse submandibular extracts.the microglial cells, we hypothesized that NGF may need
Preabsorption of this antiserum with heat-denatured NGF abolishedto be presented locally to cause cell death. Using NGF-
the histochemical labeling (data not shown). The monoclonal anti-coated glass beads previously used for the purification
body 27/21 (usedhere at 120 ng/ml) specifically blocks the biologicalof neurotrophins from conditioned media (GoÈ tz et al., activity of NGF as reported elsewhere (Korsching and Thoenen,
1992), we could show that such beads do indeed cause 1987).
cell death in the neural retina when added to microglia-
free optic cup explants. This result indicates that the NGF Peptide dc28±36
The cyclic peptide dc28±36 (van der Zee et al., 1996) was synthe-local application of solid phase-bound NGF is sufficient
sized and purified by reversed phase, high performance liquid chro-to cause cell death. While soluble NGF can cause the
matography by the Peptide Service Group at the Max-Planck-Insti-death of cultured rat oligodendrocytes (Casaccia-Bonnefil
tute for Biochemistry (Martinsried, Germany). Its nature was
et al., 1996), such does not appear to be the case in the confirmed by amino acid composition analyses and mass spectrom-
retina. Possibly, high local ligand concentrations may etry. It was dissolved in water and used at a final concentration of
be needed to recruit p75NTR efficiently and cause oligo- 100 mM.
merization of ligand±receptor complexes, as occurs with
Acidic Phosphatase/NGF Double Labelingreceptors of the immune system (Germain, 1997). We
E4 embryos were fixed overnight in PBS/4% paraformaldehyde.do not know how microglial cells present NGF to cells
Following incubation for 2 days at 48C in 100 mM sodium phosphate
destined to be eliminated, but we note that other ligands buffer (pH 7.3) containing 30% sucrose, the tissue was embedded
causing cell death such as FASL or TNF typically exist in OCT compound (Tissue-Tek, Miles, Elkhart, IN) and sectioned at
in a membrane-bound form (reviewed by Nagata, 1997). 10 mm using a cryostat. Sections were collected on 3-aminopropyl-
trimethoxysilane-coated slides (Fluka) and stained with the methodNo transmembrane form of NGF has been described so
previously described by Cuadros et al. (1992). In brief, sections werefar, but the very basic character of neurotrophins is one
incubated for 4 hr in the medium described by Namba et al. (1983)of their intriguing properties, and it is conceivable that
containing 0.01 M sodiumtartrate, which reduces or abolishes acidic
NGF secreted by microglial cells remains bound to the phosphatase activity in nearly all cells except macrophages (Cuad-
cell surface, as observed with neurons (see BloÈ chl and ros et al., 1992). The presence of 0.01 M sodium fluoride, a specific
Thoenen, 1996). NGF bound to glass beads is likely to inhibitor of acidic phosphatase activity, inhibited the histochemical
reaction (data not shown). Sections were then blocked with 100 mMact through p75NTR, as the NGF peptide entirely blocked
glycine in PBS for 30 min, followed by 1 hr in PBS containing 0.1%the induction of cell death by NGF.
Tween 20 and 10% goat serum (PTG). Following an overnight incu-
bation at 48C with the anti-NGF antiserum (diluted 1:700 in PTG)
and two washes with PBS/0.1% Tween 20, the sections were incu-Conclusion bated for 1 hr with biotinylated sheep anti-rabbit IgG species-spe-
Our study indicates that NGF expressed by microglial cific whole antibody (Amersham) diluted 1:300 in PBT. After two
cells is part of a cytotoxic mechanism leading to the washes as above, the sections were treated for 1 hr with streptavi-
din-Texas red (Amersham) diluted 1:500 in PBT, washed with PBS/elimination of developing neurons expressing p75NTR.
0.1% Tween 20, and then with PBS. The antigen±antibody complexThese cells are newly born and highly sensitive to sur-
was detected with epifluorescence microscopy and the histochemi-vival signals (see in particular Frade et al., 1997), and
cal reaction by phase contrast microscopy. Alternatively, strep-
we do not know the extent to which our observations tavidin-peroxidase (Amersham) (1:500) was also used instead of
during early neurogenesis relate to the adult nervous streptavidin-Texas red. The antigen±antibody complex was then
system. However, it is interesting to note that activated detected with 0.05% 3,39-diaminobenzidine tetrahydrochloride (Sigma)
solution containing 0.03% H2O2 (Merck) and stopped with water.microglial cells are observed in a number of pathological
situations, including after axotomy and in neurodegen-
Isolation of Microglial Cells and NGF Immunocytochemistryerative diseases (reviewed by Perry et al., 1995; Kreutz-
Microglial cells can be easily purified from the E6 vitreous bodyberg, 1996), and that in these conditions, p75NTR is often
since they are the only cell type present in this tissue (Cuadros et al.,
reexpressed by adult neurons. Thus, strategies aiming 1991). In brief, vitreous bodies from E6 chick retinae were carefully
at decreasing inflammatory reactions in the nervous sys- dissected to avoid contamination with surrounding tissues and
placed in Ca21-, Mg21-free PBS containing 3 mg/ml bovine serumtem, in which microglial cells play a prominent role,
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albumin (Sigma) and treated with 0.5 mg/ml trypsin (Worthington) (1992). In brief, glass powder (PG-120-200, Sigma) was activated
by incubating it in trifluoracetic acid overnight at room temperaturefor 10 min at 378C. The reaction was stopped by adding 2 mg/ml
soybean trypsin inhibitor (Sigma), and cells were released from the followed by extensive washing with distilled water and PBS. NGF
or cytochrome c (Serva) was adsorbed on the glass beads by incu-vitreous bodies by passing them about 20 times through a pipette
tip. After centrifugation in silicon-coated tubes at 150 3 g for 5 bation for 30 min at 48C. Both NGF- and cytochrome c±treated
beads were then washed repeatedly with PBS and used immediatelymin, cells were suspended in RPMI 1640 medium (GIBCO BRL)
containing N2 supplement (Bottenstein and Sato, 1979) and antibiot- afterward. Eye cups from HH18 chick embryos were dissected out
of the surrounding mesenchyme and lens tissue and cultured withinics. Then, cells were counted (as average, each E6 vitreous body
yielded 200 macrophages) and either cocultured with HH18 chick collagen gels (as described above) with the vitreal surface of their
neural retinaecovered with NGF- or cytochrome c±adsorbed beads.eyes (see below) or plated on10 mm diameter round glass coverslips
previously coated with polyornithine (Sigma) and cultured in an incu-
bator maintained at 388C with a 3% CO2/air mixture. After 1 hr, cells Acknowledgments
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